Individuals with Williams syndrome (WS) present a set of cognitive, affective and motor symptoms that resemble those of patients with lesions to the cerebellum. Although there is some evidence for overall structural alterations in this brain region in WS, explorations on cerebellar white matter and cerebellar cortex volumes remain rather neglected. We aimed to compare absolute and relative cerebellar volumes, as well as patterns of white matter to cortex volumes in this brain region, between a group of individuals with WS and a group of healthy controls. T1-weighted magnetic resonance images were acquired in 17 individuals with WS and in 15 typically developing individuals. Our results showed that even though individuals from the clinical group had significantly smaller cerebrums (and cerebellums), cerebellar volumes relative to intracranial volumes were significantly enlarged. In addition, while gray matter was relatively spared and white matter disproportionately reduced in the cerebrum in WS, relative cerebellar cortex and white matter volumes were preserved. These findings support the hypothesis that volume alterations in the cerebellum are associated with the cognitive, affective and motor profiles in WS.
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Indeed, there is mounting functional evidence showing cerebellar activations in language, executive, visual-spatial and affective tasks (Desmond, Gabrieli, & Glover, 1998; Fink et al., 2000; Harrington et al., 2004; Hofer et al., 2007; Valera, Faraone, Biederman, Poldrack, & Seidman, 2005; Vingerhoets, De Lange, Vandemaele, Deblaere, & Achten, 2002; Xiang et al., 2003) . Clinical findings also support the notion of a multifold role of the cerebellum, as lesions in different areas of this brain structure lead to distinctive motor, cognitive and affective impairments. In this line, executive, visual spatial and linguistic impairments, along with affect dysregulation (including exacerbated anxiety and hyperspontaneous, disinhibited behavior) have been reported in patients with cerebellar lesions (for a review, see Stoodley & Schmahmann, 2010) . This cluster of symptoms was termed cerebellar cognitive affective syndrome (Schmahmann & Sherman, 1998) and, depending on the affected cerebellar lobe, has been found to occur independently but also concomitantly with the cerebellar motor syndrome (Schmahmann, MacMore, & Vangel, 2009) .
The overlap and similarities between most of the aforementioned cognitive, affective and motor symptoms of cerebellar damage and the features displayed by individuals with Williams syndrome (WS) is quite striking. WS is a neurodevelopmental disorder with an estimated prevalence of 1 in 7500 live births (Strømme, Bjømstad, & Ramstad, 2002) . It is caused by a submicroscopic deletion on chromosome 7 (region 7 q11.23), including the elastin gene (ELN) (Korenberg et al., 2000) . Individuals with this syndrome present distinctive features such as elfin-like face, small stature, hyperacusis, as well as cardiovascular, endocrine and connective tissue abnormalities (Udwin, 2002) . Impairments in the cognitive domain include moderate intellectual disability (Howlin, Davies, & Udwin, 1998; Sampaio et al., 2009) , language alterations (e.g., in syntax, morphology, phonology, pragmatics and narrative (Brock, 2007; Gonçalves et al., 2010; KarmiloffSmith, Brown, Grice, & Paterson, 2003) ), compromised executive functioning (Osó rio et al., 2012; Porter, Coltheart, & Langdon, 2007; Rhodes, Riby, Park, Fraser, & Campbell, 2010) and deep visual-spatial difficulties (Atkinson et al., 2003; Bellugi, Korenberg, & Klima, 2001) . Individuals with WS are also well-known for their hypersociability, which manifests itself in the form of uninhibited and indiscriminate social approach behaviors (Capitão et al., 2011; Jones et al., 2000) . Concomitantly, various reports underline the high incidence of anxiety disorders, particularly specific phobias and generalized anxiety disorder (Dykens, 2003; Leyfer, Woodruff-Borden, Klein-Tasman, Fricke, & Mervis, 2006) . In addition, WS is characterized by poor motor coordination, odd gait and hypotonia (Chapman, du Plessis, & Pober, 1996; Trauner, Bellugi, & Chase, 1989) Recently, some researchers began to explore structural changes in the cerebellum in WS. Indeed, the cerebellum appears macroscopically enlarged in WS, relative to a small cerebrum (Jones, Hesselink, Duncan, Matsuda, & Bellugi, 2002; Schmitt, Eliez, Bellugi, & Reiss, 2001 ). Reports of overall brain volume reductions in comparison to healthy controls range from around 13% to 18% (Reiss et al., 2000; Sampaio et al., 2008) , while cerebellar volumes appear to be reduced to a lesser extent (e.g., 7%, Reiss et al., 2000) . However, data so far appear inconsistent-while some authors found evidence for a relative increase in cerebellar volume (Jones et al., 2002; Reiss et al., 2000) , others reported volume preservations in this structure using either manual (Jernigan, Bellugi, Sowell, Doherty, & Hesselink, 1993) or semi-automated segmentation methods (Chiang et al., 2007) . Furthermore, patterns of white matter to cortical volumes in the cerebellum seem to be distinct from those observed in the rest of the brain. Reiss et al. (2000) reported a relative sparing of cerebral gray matter along with a disproportionate reduction in white matter in individuals with WS, when compared with a healthy control group. Conversely, no such disproportionate reduction was found in the cerebellum, where white matter volumes were relatively preserved. Apart from this important investigation, no further studies explored white matter-cortex proportions in the cerebellum, so replication is greatly needed.
Our main goal is to compare absolute and relative cerebellar volumes, as well as patterns of white matter to cortex volumes in this brain region, between a group of individuals with WS and a group of healthy controls. By doing so, we aim to provide further insight on how such changes may be involved in their motor, cognitive and affective phenotypes. In accordance with previous findings our hypotheses are as follows: (a) the clinical group will present significantly smaller cerebral volumes than their typically developing counterparts; (b) the clinical group will present a disproportionate reduction in cerebral white matter, but not in gray matter; (c) cerebellar volumes will be preserved in the WS group (no a priori expectations regarding absolute or relative preservation); and (d) such regional volume preservation may be due to a more balanced ratio of cortical to white matter (i.e., a lesser reduction in white matter in the cerebellum than what is observed in the cerebrum).
Materials and methods

Participants
Participants were distributed in two groups: a group of 17 individuals with WS (10 females; aged 11-32; M, SD = 19.24, 6.04 years) and a control group of 15 individuals (8 females; aged 11-28; M, SD = 19.20, 5.55 years). Participants in the WS group tested positive in fluorescence in situ hybridization (FISH) for deletion of the elastin gene in chromosome 7 (Ewart et al., 1993) , and the presence of any sensorial or speech disorder, as well as comorbidity with severe psychopathology not associated with the syndrome were defined as exclusion criteria. The control group was composed of typically developing individuals without a history of sensorial, psychiatric, or neurological disorder or cognitive impairment. Table 1 displays the main socio-demographic characteristics of the sample. The groups did not differ significantly in terms of age, t(30) = 0.02, p = .986 or social-economic status, U = 116.50, p = 0.682, although there was a significant difference in IQ t(29) = À17.15, p < 0.001 (IQ was not available for one participant with WS).
Data acquisition and analysis
Participants were scanned on a clinical approved 1.5 T General Electric Healthcare MRI on Hospital Santo Antó nio, Porto. A T1 whole brain high-resolution anatomical sequence, Spoiled gradient Echo (SPGR), was performed with the following imaging parameters: repetition time (TR) = 3.5 s, echo time (TE) = 5 ms, 124 coronal slices with no gap, field-of view (FoV) = 276 Â 192 matrix, flip angle (FA) = 458, in-plane resolution = 1.25 Â 1.25 mm 2 and slice thickness = 1.5 mm.
Before any data processing or analysis, the acquisitions were examined and then confirmed that they were not affected by critical head motion and participants had no brain lesions.
Segmentation and labeling of brain structures based on T1 SPGR acquisition, were performed using the freely available Freesurfer toolkit version 5.0 (http://surfer.nmr.mgh.harvard.edu). The Freesurfer pipeline uses a probabilistic brain atlas estimated from a manual labeled training set proposed in 2002 (Fischl et al., 2002) and has undergone several improvements over the years (Fischl et al., 2004; Han & Fischl, 2007) . The technique has been shown to be comparable in accuracy to manual labeling and reliable and robust across sessions, scanner platforms, updates and field strengths (Han & Fischl, 2007; Jovicich et al., 2009 ). Some studies have also shown the robust and accurate segmentation results on cerebellar analysis (Hwang, Kim, Han, & Park, 2011; Weier et al., 2012) .
The general workflow of Freesurfer consists of: conversion of DICOM format to the Freesurfer standard format; data processed by a 30-step procedure including pre-processing of MRI images, non-parametric, and non-uniform intensity normalization; normalization to the standard Talairach space; intensity normalization with corrections of fluctuations in scan intensity; skull strip; registration using a transform matrix to align the patient volume with the Freesurfer atlas when applying segmentation labels; reconstruction of cortical and pial surfaces with a sub millimeter precision; inflation of each tessellated cortical surface representing gray-white matter boundary to normalize the individual differences in the depth of gyri-sulci. This generated intracranial volume (ICV), gray and white matter volumes for cerebellum and cerebrum. After visual inspection, manual adjustments were needed in the normalization procedure, skull strip, segmentations and pial surface boundary. Trained researchers controlled the quality and accuracy of the reconstructions, and visually inspected the quality of brain segmentations/labels. Estimated intracranial volume validated by Buckner and colleagues (Buckner et al., 2004) was used to correct the volumetric data.
Data analysis
Statistical calculations were performed using PASW Statistics 19 (IBM SPSS Statistics). Assumptions of normality were met (non significant Kolmogorov-Smirnov and Shapiro-Wilk tests). T-tests were conducted to test for differences in cerebrum volumes between individuals with WS and controls. Two-way mixed analyses of variance were used to determine cerebellum volume differences between both groups. Thus, group (WS vs. controls) was used as the between-subject factor and hemisphere (left vs. right) as the within-subject factor. If a main effect for group was found, t-tests were used to test the mean difference. Effect sizes were also calculated for group differences using Cohen's d. A p value less than 0.05 was assumed to denote a significant difference.
Results
ICVs were significantly reduced in WS (16.4%), when compared to controls, t(30) = À5.63, p < 0.001; d = À2.06. In fact, absolute volumes of gray matter, t(30) = À2.63, p < 0.05; d = 0.96, white matter, t(30) = À6.02, p < 0.001; d = À2.20, and cerebrospinal fluid, t(30) = À2.57, p < 0.05; d = À0.94, were significantly reduced in the clinical group. When relative volumes were computed (in proportion to ICV), white matter volumes were significantly decreased in WS, t(30) = À3.55, p < 0.001; d = À1.30, but gray matter, t(30) = À1.79, p = 0.084; d = À0.65, and cerebrospinal fluid volumes, t(30) = À0.12, p = .909; d = À0.04, were relatively preserved (Table 2) . Note. SES-social economic index (Graffar).
Absolute cerebellum volumes
Two-way mixed analyses of variance of absolute cerebellum volumes revealed a significant group effect (WS vs. TD), F(1,30) = 9.72, p = 0.004, as well as a side (left vs. right) effect, F(1,30) = 17.21, p < 0.001, but no interaction effect F(1,30) = 1.60, p = 0.216. When analyzing cerebellum white matter volumes we found a significant group effect, F(1,30) = 13.34, p = 0.001, as well as a side effect, F(1,30) = 10.45, p = 0.003, but no interaction effect, F(1,30) = 2.65, p = 0.114. Finally, the analysis of cortical volumes revealed a significant group effect, F(1,30) = 6.79, p = 0.014, as well as a side effect, F(1,30) = 40.31, p < 0.001, but no interaction effect, F(1,30) = 0.60, p = 0.445.
Follow-up t-tests showed that whole cerebellum volumes were significantly reduced among individuals with WS (by 10.3%), t(30) = À3.12, p < 0.01; d = À1.14, as were absolute cerebellum white matter, t(30) = À3.65, p < 0.001; d = À1.33, and cortex volumes, t(30) = À2.61, p < 0.05; d = À0.95. Regarding the side effect, right cerebellum volumes were significantly larger than left volumes, t(31) = À4.08, p < 0.001; d = À0.20. The same trend was observed for cerebellum cortex volumes, t(31) = À6.35, p < 0.001; d = À0.31. Left cerebellum white matter volumes were larger than right volumes, t(31) = 3.26, p < 0.01; d = 0.24.
Relative cerebellum volumes
A two-way mixed analysis of variance of cerebellum volume (relative to ICV) revealed a significant group effect (WS vs. TD), F(1,30) = 8.04, p = 0.008, as well as a side (left vs. right) effect, F(1,30) = 15.51, p < 0.001, but no interaction effect F(1,30) = 0.85, p = 0.363. When analyzing cerebellum white matter volumes (relative to whole cerebellum) we found a significant side effect, F(1,30) = 44.12, p < 0.001, but no significant group effect, F(1,30) = 2.27, p = 0.142, or interaction effect, F(1,30) = 2.62, p = 0.116. Finally, the analysis of cerebellum gray matter volumes (relative to whole cerebellum) revealed a significant side effect, F(1,30) = 44.12, p < 0.001, but no significant group effect, F(1,30) = 2.27, p = 0.142, or interaction effect, F(1,30) = 2.62, p = 0.116.
Follow-up t-tests evidenced that cerebellum volumes (relative to ICV) were significantly larger in the clinical group (by 7%), t(30) = 2.84, p < 0.01; d = 1.04. Furthermore, relative cerebellum white matter, t(30) = À3.18, p < 0.01; d = À1.16, and cortex volumes (both relative to whole cerebellum), t(30) = À3.18, p < 0.01; d = À1.16, did not significantly differ between the groups. Regarding the side effect, right relative cerebellum volumes were significantly larger than left volumes, t(31) = À3.90, p < 0.001; d = À0.30. The same trend was observed for relative cerebellum cortex volumes, t(31) = À6.59, p < 0.001; d = À0.61. Relative cerebellum white matter volumes were larger in the left (vs. right) hemisphere, t(31) = 6.59, p < 0.001; d = 0.61.
Discussion
We confirmed previous findings of an overall cerebral volume reduction in our cohort of patients with WS (Menghini et al., 2011; Reiss et al., 2000; Sampaio et al., 2008) . In fact, cerebrum volumes were 16.4% smaller in the clinical group than in the typically developing comparison group. Significant reductions were also observed for absolute volumes of cerebral white matter, gray matter and cerebrospinal fluid, but it should be noted that reductions in white matter reached an effect size more than twice the ones observed for the remaining measures. In line with this result, and also in accordance with a previous report by Reiss et al. (2000) , individuals with WS showed a disproportionate reduction in cerebral white matter (relative to ICV), but not gray matter or cerebrospinal fluid. Taken together, such evidence suggests that the decrease observed in overall cerebral size may be mostly accounted for by uneven reductions in white matter. In typical development, white matter volume has been shown to increase linearly with age (Barnea-Goraly et al., 2004; Matsuzawa et al., 2001), and denser and more organized white matter circuitry has been associated with better cognitive performance in individuals with normal or impaired cognitive ability (Schmithorst, Wilke, Dardzinski, & Holland, 2005; Yu et al., 2008) . Therefore, the observed volumetric changes in white matter are very likely implicated in the atypical developmental trajectories exhibited by patients with WS, particularly in what concerns cognition. Absolute cerebellar volumes were reduced in the WS group, but to a lesser extent than what was observed for cerebral volumes -about 10% (vs. 16.4% seen in the cerebrum) -thus replicating previous results by Reiss et al. (2000) . Furthermore, we also observed significant reductions in absolute cerebellar white matter and cortex volumes. In contrast, cerebellar volumes (relative to ICV) were significantly larger in the clinical group. Previous work using distinct methodological approaches reported similar trends (Jones et al., 2002; Reiss et al., 2000) . Using a qualitative approach, Jones et al. (2002) reported that raters (experienced neuroradiologists blind to the research hypotheses and to participant status) noted abnormal cerebellar enlargement as a defining feature of MRI scans of children with WS (versus the comparison groups). Moreover, using a semi automated MRI analysis, Reiss et al. (2000) found that cerebellar volume (in proportion to cerebral volume) was increased in a sample of adults with WS. In addition, and in accordance with the latter authors, we found that relative volumes of cerebellar white matter and cerebellar cortex were indistinguishable between the groups.
Taken together, our results show that even though individuals with WS had significantly smaller cerebrums (and cerebellums), cerebellar volumes relative to ICV were significantly enlarged. In addition, while gray matter was relatively spared and white matter disproportionately reduced in the cerebrum in WS, relative cerebellar cortex and white matter volumes were preserved, offering support to the thus far unreplicated results by Reiss et al. (2000) . Therefore, the observed increase in relative cerebellar volume in the clinical group may be due to a more balanced ratio of cortical matter to white matter (i.e., a lesser reduction in white matter in the cerebellum than what is observed in the cerebrum).
The alterations in cerebellar volume reported in the present work suggest that volumetric changes in this region may account (at least partially) for the cognitive, affective, and motor profile typically shown by individuals with WS. There is some recent evidence supporting cerebellar alterations as relevant neuroanatomical correlates of the cognitive deficits associated with WS. For instance, Campbell et al. (2009) found that ratings of inattention were associated with volumetric increases in the cerebellum, while Menghini et al. (2011) found that cerebellar gray matter density was positively related to performance on linguistic and visual-spatial measures. To our knowledge, no similar correlational evidence has been reported for affective or motor alterations in this disorder.
The aforementioned differential brain tissue patterns are likely associated with the abnormal brain development in WS. It is noteworthy that several genes essential to neuronal migration and maturation are deleted in WS, such as LIMK1, CYLN2 (Marenco et al., 2007) ; FZD3 (Wang & Bellugi, 1994) and FZD9 (Zhao et al., 2005) . Indeed, one study using diffusion tensor imaging (DTI) found extensive disruptions in white matter tracts in a sample of high-functioning adults with WS, thus providing supporting evidence for atypical patterns of neuronal migration in the later prenatal stages (Marenco et al., 2007) . Furthermore, brain development processes like synaptic pruning and myelination occur concomitantly in the typically developing brain, originating gray matter decreases as well as white matter increases in adolescence and adulthood (Giedd et al., 1999; Sowell, Thompson, & Toga, 2004) . Our results therefore support that these brain processes are likely altered in WS.
Conclusion
We found that while absolute cerebellar volumes were reduced in WS, cerebellar volumes relative to ICV were significantly enlarged in the clinical group, comparing to the typically developing group. In addition, gray matter was relatively spared and white matter disproportionately reduced in the cerebrum in WS, but cerebellar cortex and white matter volumes were relatively preserved. These findings lend support to the hypothesis that volume alterations in the cerebellum may be associated with the cognitive, affective and motor profiles in WS. Future studies are needed to explore the associations between behavioral measures of these profiles and cerebellar structural and functional anomalies in WS.
